Background: In high-income settings, body mass index (BMI) and measures of central adiposity, such as waist-to-hip ratio (WHR) are associated with cardiometabolic risk, but evidence from low-income settings, particularly sub-Saharan Africa (SSA), is limited. We assessed whether there are differences between central and general adiposity in their associations with fasting glucose, diabetes, systolic and diastolic blood pressures and hypertension, and whether these associations differ with gender or rural/urban setting in Malawi. Methods: We used data from a population-based study of 27 880 Malawian adults aged !18 years, from both rural and urban areas. We used age-standardized z-scores of the means of BMI and WHR to directly compare their associations with glycaemic and blood pressure outcomes. Results: Mean fasting glucose and blood pressure values and odds of hypertension increased linearly across fifths of BMI and WHR, with stronger associations with BMI. For both BMI and WHR, the associations with outcomes were stronger in urban versus rural residents. The association with diabetes was stronger in women than men, whereas for blood-pressure related outcomes a stronger association was seen in men. Conclusions: BMI is more strongly associated with cardiometabolic risk in SSA, and might be a more useful measure than WHR, in this population. The greater positive association of adiposity with cardiometabolic outcomes in urban residents (where rates of overweight/obesity are already high) highlights the particular importance of addressing obesity within urban SSA populations.
Introduction
Non-communicable diseases (NCD) are replacing infectious diseases as the leading cause of adult death worldwide, including in low-and middle-income countries (LMIC). Being overweight or obese is a major modifiable risk factor for a wide range of NCDs including cardiovascular disease, type 2 diabetes mellitus and certain cancers. 1 Body mass index (BMI) is the most commonly used measure for estimating general adiposity and is considered the most reliable proxy for body fat percentage in population health studies, in part because of ease of measurement. 2 BMI does not distinguish between central or peripheral fat. Some evidence suggests that centrally distributed visceral fat and ectopic liver fat are associated with cardiometabolic outcomes independently of BMI or total fat mass. 3 Among Western populations, waist circumference (WC), waist-to-hip ratio (WHR) and waist-to-height ratio (WHtR) are used as measures of central adiposity and have been shown to be positively associated with adverse cardiometabolic outcomes, with the strength of association similar to that of BMI. 1, [4] [5] [6] However, whether the same is true in sub-Saharan African (SSA) populations is unclear, because of the lack of evidence. The extent to which the marked lifestyle and dietary differences between rural and urban areas of SSA lead to differences in the associations between adiposity and cardiometabolic risk is largely unknown, but is relevant to being able to predict the emerging pattern of health and to develop appropriately tailored interventions aimed at preventing these outcomes.
We aimed to:
i. determine whether there are differences between BMI and waist-based (central adiposity) measurements in their associations with fasting glucose, diabetes, systolic and diastolic blood pressures (SBP and DBP) and hypertension in an SSA population;
ii. determine whether any of these associations of BMI and central adiposity with glycaemic or BP outcomes differ between gender or rural/urban residence.
Methods

Study design, setting and participants
Cross-sectional data from participants in the Malawi Epidemiology and Intervention Research Unit (MEIRU) NCD study was used. The methods used to recruit and collect data from these participants were described in detail previously. 7 Briefly, data collection began in June 2013, and includes a rural and an urban site. The rural area is an established research site-the Health and Demographic Surveillance System (HDSS) in southern Karonga (Northern region)-with a typical rural population. 8 An urban area (Area 25) of Lilongwe, the capital city of Malawi (Central region), was selected because it included a broad spectrum of socioeconomic groups in a high-density area where the Ministry of Health (MoH) was establishing a chronic care clinic, similar to that in Karonga, to which we could link our study participants. 9 All adults aged 18 years and older, who were usually resident at a household in either study area and were able to consent, were eligible and invited to be included in the study; 29 733 were contacted and 28 891 (97%) were recruited. For this study, we excluded a priori women who self-reported being pregnant (N ¼ 1011) and, for analyses with fasting glucose and BP treated as continuous measurements, we excluded those on antidiabetic (N ¼ 225) or on antihypertensive (N ¼ 1184) medication, respectively. We also excluded from the analyses of glucose-related outcomes those who reported not fasting (N ¼ 44) and those with missing glucose data (N ¼ 4726). Following these exclusions, samples ranged from 22 906 to 27 880 for different outcomes (Figure 1 ).
All participants provided informed written consent and the study was approved by the Malawi National Health Sciences Research Committee (NHSRC; protocol #1072) and London School of Hygiene and Tropical Medicine (LSHTM) Ethics Committee (protocol #6303). 10 
Outcome and exposure variables
All questionnaires and measurements (anthropometric and BP) were collected by trained field workers using standardized protocols (see Supplementary materials for more details of the standard protocols, available as Supplementary data at IJE online). Blood samples were taken by phlebotomytrained nurses. Electronic data entry (using tablets) at the point of collection, with pre-programmed ranges and internal consistency checks, was used. In interviews, participants were asked about any medications or previous diagnoses.
Hypertension was defined as having either an SBP !140 mmHg or a DBP !90 mmHg or being on antihypertensive medication. 10 Participants who self-reported a previous diagnosis of hypertension (but did not have elevated BP in our assessments) were treated as if they did not have hypertension, because it is common for the term to be used by health care professionals on the basis of a single BP measurement. In sensitivity analyses, we explored whether this affected our results by removing these participants from analyses. Participants were asked in interviews whether they had previously been diagnosed with diabetes and about use of any regular medication. Diabetes was defined as having any of the following: fasting glucose !7.0 mmol/l, currently taking antidiabetic medication or a self-report of a previous diabetes diagnosis. 10 We assumed that all diabetic participants have type 2 diabetes mellitus because it is accountable for over 90% of cases in SSA and because we do not know at what age the few patients on insulin were diagnosed or were started on treatment.
11,12
Potential confounders
We considered smoking status, alcohol intake, physical activity and socioeconomic position (SEP) to be potential confounders for the associations between adiposity measurements and the various outcomes. Potential confounders were selected a priori, based on existing evidence regarding the relations to both adiposity and our outcomes. In response to peer reviewer comments, we additionally adjusted for the number of live births in women. Data on these variables were collected using a modified version of the World Health Organization (WHO) STEPS questionnaire, by fieldworkers who were fluent in local African languages (as well as English). 7 The methods used to measure and categorize these variables can be found in the Supplementary materials (available as Supplementary data at IJE online).
Statistical analyses
All analyses were carried out using STATA TM version 14.0 (StataCorp, TX, USA). In order to directly compare the directions and magnitudes of the associations of BMI, WC, WHR and WHtR, internally age-standardized z-scores of the means were used for each anthropometric measure.
We considered a priori that WHR would be the best measure of health adiposity distribution, as both a smaller waist (less central adiposity) and larger hips (greater peripheral adiposity) have been associated with better cardiometabolic health. 2, 4 We also assumed that WHR would be the measure of central adiposity that was least correlated with (and therefore distinct from) BMI. We tested this by examining pairwise partial correlation coefficients for zBMI, zWHR, zWC and zWHtR in the overall cohort and stratified by gender and area of residence.
To explore whether associations were linear or not, we first plotted means (for continuous outcomes) and percentages (for binary outcomes) against z-score fifths of BMI and WHR. Multiple linear (continuous outcomes) and logistic (binary outcomes) regression was used to further explore the associations. We examined the pattern of association by inspecting the graphs and by running regression analyses with the z-score fifths of BMI/WHR entered into models as four indicator variables (five categories) and as a continuous score of the fifths. We compared the two models and considered associations to be non-linear if graphs were monotonic; the linear trend P-value was >0.05 (two-sided) and P-value for the comparison of the two models <0.05 (two-sided). Per-fifth associations were presented if there was no strong evidence for a non-linear effect between zBMI/zWHR with each outcome.
We then adjusted for potential confounding by smoking status, alcohol intake, physical activity and SEP (wealth). All regression analyses were undertaken in the overall cohort and then stratified into four groups: rural women, rural men, urban women and urban men. Evidence for differences in associations between these four groups was explored by examining the stratified results and by testing for interactions between either gender or area of residence and BMI/WHR (as a continuous score of z-score fifths) in their associations with each outcome, using a likelihood ratio test.
In additional sensitivity analyses, we repeated the main analyses with BMI and WHR age-standardized z-scores determined within the four area of residence and gender strata (rather than within the overall cohort), to explore whether any marked differences in age distribution between these groups might have influenced our results. We also repeated the main analyses for the associations of zWC and zWHtR with each outcome, using the same analytical approach as described above for zBMI/zWHR.
Results
The distributions of study characteristics, including missing data for each variable, for the overall cohort and by gender and area of residence are shown in Table 1 . Urban residents were younger and more likely to be in the highest fifth of wealth. Smoking was rare, and 93% of the overall cohort reported never smoking; it was more common in urban populations. Most participants reported no alcohol intake in the past year, but there were marked gender differences with few women drinking alcohol and $50% of men drinking at least some in the past year. The vast majority of all participants (86%) reported high levels of physical activity, particularly rural women. Of the cohort: 13% were hypertensive, with levels highest in urban men; 2% were diabetic with levels highest in urban residents; BMI was higher in women than men and in urban than rural residents; And WHR varied less between groups and was lowest in urban women.
Among the participants, 17% did not have a fasting glucose measure; levels of missing data were <1% for all other variables. Thus, the numbers included in analyses with fasting glucose/diabetes as outcomes are smaller than those with BP/hypertension as outcomes ( Figure 1 ). A missing fasting glucose measure was more likely if participants were male, urban residents, ex-smokers, heavy consumers of alcohol, less physically active and in the lowest BMI fifths (Supplementary Table 2 , available as Supplementary data at IJE online). For most of these differences, the magnitudes were small.
In the overall cohort, zWHR was only weakly correlated with zBMI (partial correlation ¼ 0.15), whereas zWC and zWHtR were strongly correlated with zBMI (Table 2) . When examined in the four strata, the patterns were broadly similar.
Differences between BMI and WHR in their associations with glycaemic and BP outcomes Figure 6 ). There was no evidence of a departure from a linear trend. Table 3 shows differences in means for continuous outcomes and odds ratios for binary outcomes for each increase in z-score fifths of BMI/WHR, with additional adjustment for all potential confounders. There were positive associations of both zBMI and zWHR with fasting glucose, diabetes, SBP, DBP and hypertension. These associations did not change notably with additional adjustment for smoking status, alcohol intake, wealth or physical activity level. The magnitudes of association for all outcomes were larger (nearly double for continuous outcomes) for zBMI compared with zWHR. 
Associations of BMI and WHR with glycaemic and BP outcomes in gender and area of residence strata
There were positive linear associations of zBMI and zWHR with most outcomes in all four strata-rural women, rural men, urban women, urban men-but these stratified results highlighted notable differences in magnitudes of associations between rural and urban residents and between women and men (Table 4) . For the associations with difference in mean fasting glucose and odds of diabetes, positive associations were generally stronger for zBMI than zWHR, but the differences between these two adiposity measurements were less marked in urban residents. For men, the increase in odds of diabetes for each greater fifth of adiposity was greater for zWHR than zBMI ( Table 4 ). The magnitudes of association of both zBMI and zWHR with fasting glucose and odds of diabetes were greater in urban than rural residents. For the odds of diabetes, the magnitudes of association with zBMI were higher in women compared with men, but the associations with zWHR were higher in men.
For the differences in mean SBP and DBP and odds of hypertension, the associations were also stronger for zBMI than for zWHR (Table 4) . zWHR was negatively associated with SBP in rural female residents; all other associations were positive. As with glycaemic outcomes, associations of the adiposity measures with BP were stronger in urban than rural residents. However, adiposity was more strongly associated with BP outcomes in men than in women.
For the associations with zBMI, there was statistical evidence that associations of SBP and diabetes differed by gender and that associations of fasting glucose and DBP differed by area of residence. The association between zBMI and hypertension differed by both gender and area of residence. Associations with WHR and SBP, DBP, diabetes and hypertension differed by both gender and area of residence. When participants who self-reported a previous diagnosis of hypertension but did not have elevated BPs were excluded from fully adjusted stratified analyses, there was little to no difference in the odds of hypertension (Supplementary Table 6 , available as Supplementary data at IJE online). When fifths of zBMI and zWHR were determined within the four strata of area of residence and gender, there were only minor decreases in the difference in mean systolic BP, diastolic BP and odds ratio of diabetes among menespecially rural male residents (Supplementary Table 7 , available as Supplementary data at IJE online). With adjustment (in addition to all other confounders) for the number of live births in women, results are not materially affected compared with those without adjustment (Supplementary Table 8 , available as Supplementary data at IJE online).
Supplementary Tables 3 and 5 (available as Supplementary data at IJE online) show the results for zWC and zWHtR. For most outcomes, associations of both zWC and zWHtR were similar in magnitude to those of zBMI (i.e. they were stronger than those for zWHR). The two exceptions were that zWHtR was associated with systolic blood pressure with a magnitude that was similar to that of zWHtR and weaker than zBMI, and both zWC and zWHtR were associated with diabetes with a magnitude that was somewhat stronger than zBMI.
Discussion
In this large study of Malawian adults, we have shown positive linear associations of BMI and WHR with adverse glycaemic and blood pressure outcomes in the overall cohort, and also within strata of female and male rural residents and female and male urban residents. In the overall cohort, and for most strata, the associations were stronger across z-score fifths for BMI than they were for WHR, suggesting that BMI might be a more useful measure of cardiometabolic risk than WHR in this population. zBMI, z-score, age-standardized body mass index; zWC, z-score, age-standardized waist-circumference; zWHR, z-score, age-standardized waist-to-hip ratio; zWHtR, z-score, age-standardized waist-to-height ratio.
Magnitudes of association differed by gender and area of residence, such that for the associations of BMI and WHR with glycaemic outcomes, the associations were stronger in urban than rural residents, with little difference between women and men. The associations of zBMI and zWHR with BP-related outcomes were also stronger in urban than rural residents and we observed stronger associations in men compared with women for BP-related outcomes. These findings changed little after adjustment for smoking status, alcohol intake, physical activity and wealth, or with additional adjustment for number of live births. We did not adjust for breastfeeding as the vast majority (98%) of women in this population, as in other SSA countries, have breastfed and therefore this characteristic cannot explain the association of adiposity with cardiometabolic outcomes in these populations. 26 682) ; zBMI, z-score age-standardized body mass index; zWHR, z-score age-standardized waist-to-hip ratio. Dots/triangles and first numerical results are mean systolic blood pressure (mmHg); ends of vertical lines and numerical results in brackets represent the 95% confidence interval of the percentages.
The greater positive magnitude of association of BMI and WHR with glycaemic and BP outcomes in urban residents is particularly of concern, given that increases in rates of obesity and overweight are greater in urban than rural areas. Our finding of more adverse distributions of cardiovascular risk factors in urban combined with rural residents is consistent with findings from studies in several other SSA countries. 11, 13 However, few studies have examined the associations of adiposity with risk factors as we have done here, and to our knowledge only one previous study has noted differences in association magnitudes between rural and urban residents. In the Cameroonian study, there appeared to be a positive association of BMI with high fasting glucose, insulin, 23 148) ; zBMI, z-score age-standardized body mass index; zWHR, z-score agestandardized waist-to-hip ratio. Dots/triangles and first numerical results are percentage with diabetes; ends of vertical lines and numerical results in brackets represent the 95% confidence interval of the percentages. Diabetes was defined as having any of the following: fasting glucose !7.0 mmol/l, currently taking antidiabetic medication or a self-report of a previous diabetes diagnosis.
triglycerides and BP in urban residents (N ¼ 959), but an inverse association in rural residents (N ¼ 669), whereas we saw positive linear associations in both groups but these were weaker in rural residents. 8 That study was conducted over 20 years ago, when levels of overweight and obesity were much lower than currently in SSA. Nonetheless the possibility, from that study and ours, that greater adiposity has a stronger positive association with adverse cardiometabolic health in urban than in rural areas is concerning, as urbanization continues at pace in SSA. The already stretched health services in these countries could struggle to cope with a substantial burden of cardiometabolic illness. Why associations are stronger in urban compared with rural populations is unclear. In our study, the rural populations are predominantly subsistence farmers and/or from fishing communities, and hence they and previous generations have high levels of physical activity and a diet that is largely fruit, vegetable and fish based. Urban residents are likely to be less active, and in urban areas there is a greater availability of processed food and lower availability of fresh fruit and vegetables. However, for these to contribute to the differences in associations that we observe (as opposed to differences in distributions) would imply some aspect of diet or physical activity interacting with adiposity in terms of its association with blood pressure and glycaemic outcomes, which has not been observed in high-income populations. The factors that might explain the greater association of adiposity with outcomes in urban compared with rural residents, which we and a previous study from Cameroon have observed, need further mechanistic studies.
A priori we considered WHR to be the most appropriate measure of central adiposity that was distinct from total adiposity as reflected in BMI. However, we also present the findings for WC and WHtR in Supplementary materials (available as Supplementary data at IJE online). Given the strong correlations of these measures with BMI, it is not surprising that they have similar magnitudes of associations with outcomes to those seen for BMI (and hence stronger than those seen for WHR). Distinguishing the relative contributions of BMI, WC and WHtR to cardiometabolic outcomes in SSA populations will require extremely large numbers because of problems of co-linearity between these measures.
The key strengths of this study include large sample size, inclusion of both urban and rural residents, and high quality collection of data which included fasting blood samples, which enabled us to assess associations with fasting glucose and diabetes. A key limitation is the crosssectional nature of this study and hence the possibility that our findings are wholly, or partly, due to reverse causality and/or residual confounding. Evidence from Mendelian randomization and randomized control trials (both less prone to reverse causality or confounding) in European original participants suggests that greater adiposity increases risks of diabetes and hypertension, and it would seem reasonable to assume that is the case here. [4] [5] [6] 14, 15 Despite finding higher levels of overweight and obesity in urban compared with rural residents, the distributions of physical activity, smoking and alcohol were similar in the two groups. These lifestyle factors are self-reported and the categories available are quite broad, and therefore important differences might have been missed. It is possible that misclassification resulting from self-report explains some of the differences between gender and residence strata. Furthermore, we do not have information on dietary intake, which we anticipate is different between rural and urban residents. Future large-scale studies in SSA populations which are able to measure physical activity objectively (with accelerometers) and dietary intake would be valuable.
Whereas there were very few missing data for the vast majority of measurements, 17% did not have a valid fasting blood glucose sample and therefore were excluded from analyses with glycaemic-related conditions. Those without fasting glucose differed from those with it, but the magnitudes of these differences were small, and we adjusted for these characteristics. Our results would be biased if, in those without fasting glucose, associations were markedly different from those found here in participants with fasting glucose, even after taking into account age, gender, rural/ urban residence, smoking status, alcohol intake, physical activity level and wealth. Although we have no way of ruling this out, we cannot see why this would be the case.
In conclusion, our novel findings, which to our knowledge have not been previously explored in a SSA population, suggest that BMI is a useful measure for identifying those at risk of adverse cardiometabolic outcomes in SSA. Our results highlight the potential for major increases in adverse cardiometabolic health in urban areas of SSA, unless concerted efforts for preventing increases in adiposity are successfully introduced. Although this might also apply to other low-income countries in the SSA region, there is also evidence of increasing risk in rural communities in higher-income countries such as South Africa, [16] [17] [18] and so any interventions should not disadvantage rural residents.
Supplementary data
Supplementary data are available at IJE online.
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